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NOMENCLATURE 
A Area 
£ Total Emissive Power 
Fjj Angle Factor 
Total Interchange Factor 
I Inteniity of Radiation 
L Length 
Q Heat Flux 
S Solar Constant 
V Volume 
c Specific Heat 
k Thermal Conductivity 
1, r, X Lengths 
n Length Scale 
q Heat Flux 
t Absolute Temperature 
oL Absorptivity 
06^ Distortion Factor 
Prediction Factor 
6 Emissivity 
B Time 
^ Length 
y Pi Terra 
Btu/Ft^-Hr 
Dimensionless 
Dimensionless 
Btu/Pt^-HrmSteradian 
Ft 
Btu/Ft^-Hr 
Btu/Ft^-Hr 
Ft^ 
Btu/Lbgj-®R 
Btu/Ft-Hr-*R 
Ft 
Dimensionless 
Btu/Hr 
Degrees Rankine 
Dimensionless 
Dimensionless 
Dimensionless 
Dimensionless 
Hrs 
Ft 
Dimensionless 
iv 
û Density Lb^Ft^ 
2 11 0* s t«fan-Boltznann Constant Btu/Ft -Hr-®R 
^ Angle Degrees 
pi Reflectivity Dimensionless 
Subscript; 
ij From Area i to Area j 
b Black Body 
m Model Value 
n Direction of the Normal 
e Reference Value 
A Referred to a Specific Wavelength 
^ Direction of Angle ^ 
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INTRODUCTION 
Before the space age, radiant heat transfer was studied at some 
universities, but there was little commercial interest or application. 
With the beginning of the national space program, the effort expended in 
research on the problems of radiant heat transfer increased markedly, 
since in space, radiation is the only mode of heat transfer between a 
vehicle and its environment not involving mass transfer. Radiant heat 
transfer is specifically involved in such areas as temperature control 
of satellites and space vehicles, generation of power from solar 
energy, and heat rejection systems. 
In order to ascertain the present state of the art in the fields 
of radiant heat transfer and thermal radiation property measurements, 
the National Bureau of Standards circulated a questionnaire, NBS-19L, 
to investigators working in these fields. Some results from this 
questionnaire, based on 83 responses, were presented to the American 
Institute of Aeronautics and Astronautics Thermophysics Specialist 
Conference at Monterey, California, in September, 1965 (5) • 
One result from the questionnaire which tends to show the recent 
growth of interest in this field is the average years of experience of 
the responders in the field of thermal radiation. 
Table 1 summarizes the e^^erience level of the responders, and points 
up the fact that in the years since 1959» 55 of the 83 responders to the 
questionnaire have entered the field. 
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Table 1* Level of Experience of Responders 
E]q)erience, Years Number of Responders 
1 - 3  2 6  
U - 6 29 
7 - 9  8  
10 7 
11 - 11 h 
12 - 18 7 
Over 18 2 
According to the replies to the IIBS (gestionnaire, the major unsolved 
problem in the field of radiant heat transfer is that of material 
characterization, the con^lete specification of the radiation properties 
of materials as a function of all the parameters which can affect them, 
such as specimen temperature, wavelength of incident radiation, angle of 
incidence, angle of emission or reflection, and state of polarization of 
the incident radiation. It is clear that these properties must be known 
in order for an accurate analytical solution to a heat transfer problem 
to be obtained* 
The NBS paper also analyzes the cooputational methods which are 
used by heat transfer analysts, and the result can best be shown by 
quoting from the National Bureau of Standards paper (5, p« ij^). 
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"The problem of calculating the total image view factor for complex 
Diultinode configurations is almost insurmountable without the use of 
Honte Carlo techniques such as illustrated in references 13 to 16, This 
technique results in very long computer runs for a system with any 
degree of complexity. Further, any heat transfer approacn of the soph­
isticated degree recommended here and in references 9 and 12 demands data 
beyond the present state of the art of reflectance measurement s; 
«specially since, for the specular-diffuse approach to be^effective, it 
is essential that the heat transfer ana lysis be on a spectral basis. 
Almost no reliable specular-diffuse spectral réflectance data exists over 
the spectral range of interest. Further, only two experimental in­
struments are capable of measuring anything approximating a reasonable 
specular spectral component of reflectance, and these instruments are 
not widely used at present. Thus it appears that the necessary com­
putational techniques are available to provide very excellent prediction 
of radiant heat transfer; however, the necessary data on comon engineer­
ing materials is almost completely lackiag." 
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METHOD OF ANALYSIS OF RADIANT HEAT TRANSFER 
The following brief review of present methods of handling heat 
transfer problems analytically is given In order to show the primary 
quantities which enter a similitude study^ to snow the limitations of 
the analytic method, and to provide a framework for a finite differ­
ence method. 
Steady state, unidirectional heat conduction is cne sinqaler of the 
modes of heat transfer considered. Fourier's Law governs heat con» 
duction (18), 
% - ^ ^  (1) 
The thermal conductivity, k, varies widely between materials, 
being approximately 220 Btu/Hr-Ft-^R for copper, and 0.02$ Btu/Hr-Ft-°R 
for corkboard. In addition, k for a given material is a function of 
the temperature. The variation of k for most homogeneous solids is 
nearly linear over a moderate tea^rature range. As the temperature iïT 
increased, the values of k for inaustrial materials may pass through a 
maximum for some materials or a minimum for others. Both types of 
behavior can be accounted for by an equation given by Jakob (18) 
^ - h,t + bl+ Ai/jf 
The variation of thermal conductivity with temperature is given in 
various handbooks (17, 18). However, variations in thermal conduct­
ivity of commercial sanqiles of a metal may differ widely because of 
variation in the content of certain elements or compounds present in 
small amounts. This point will be taken up again in a discussion of 
model design equations. 
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In the method# to be used in this dissertation, tlie equation for 
heat conduction simplifies to 
where 1 is the distance between nodes in the finite difference zoning 
employed, and A is a measure of the cross-sectional area of the con­
ducting path. 
The basic considerations necessary for radiant heat calculations 
are embodied in the concept of black-body radiation, Kirchhoff's Law, 
and Lambert's Cosine Law. 
A black body is a substance which absorbs 100^ of the radiation, 
of whatever wavelength, which is incident upon it. A gray body absorbs 
a fixed percentage of tne incident radiation, but the percentage does 
not vary with the wavelength. A colored body absorbs a percentage of the 
incident radiation, but the percentage varies with wavelength. A white 
body absorbs none of the radiation incident upon it. 
Kirchhoff's Law states that at any teiiQ>eratur«, the ratio of the total 
emissive power, E, to the total absorptivity,c^, is a constant for all 
substances in thermal equilibrium with their environment. If three 
surfaces arc kept at the same tcnqierature, they must Le in thermal 
equilibrium. Therefore by Kirchhoff's Law, 
= "êî" ~ ~ COnsi, (li) 
If the third body is a black body, with • Eb, 0C3 " 1» then 
^<•1 (S) 
and 
-
 âi. 
eh (6) 
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By definition, vOg total eniiS8ivity,£ , of a surface is the ratio 
of the total emissive power of the surface to that of a black body. 
Therefore Kirchhoff's Lav requires that 
= OC/ J 62 = <^2 (7) 
which is to say, the total emissivity,€, of a substance is equal to its 
total absorptivity,under thermal equilibrium conditions. For most 
common materials, emissiviuj' changes with temperature. The total emis­
sivity of a substance at one temperature is usually different from its 
total emissivity at another. Kirchhoff's Law is true at any temperature, 
and can also be applied to monochromatic emissive po^jf. 
The emissivity of a black body is 100$, and a black body at a given 
temperature radiates a fixed amount of energy at each wavelength, called 
the monochromatic emissive power, and given by Planck's Law (13), 
C/ := JT, / /O? JU7 _ 
Z. S8 9 ^ M '  
As the temperature increases, the emitted power at each wavelength 
increases and the wavelength of maximum monociiromatic «missive power 
becomes shorter. 
Tne total emissive power of a black body, over all wavelengths, 
at a given temperature is given by the Stefan-Boltzmann Law as 
^6 = (9) 
where 0^» 0.1713 x 10*^ Btu/kr-Ft^-'W^, and t is the absolute temper­
ature in degrees Rankine. 
A gray body, at a given temperature, has a total emissive power of 
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B = cr e (10) 
where 6 it the total emissivity of the gray body. The total emittivity 
of netals increates with teaqperature. At high te(^raturei> the total 
eniffive power of metal* has been found to be roughly proportional to 
the fifth power of the absolute teog)erature instead of the fourth power. 
However, Eq. 10 is very generally used for solving radiation problems 
in engineering applications (13). 
The intensity of radiation, I, from a surface is defined as the rate 
of heat radiation in a given direction from a surface, per unit solid 
angle and per unit area of the projection of the surface on a plans 
perpendicular to the direction of radiation. It is often esqxressed in 
Btu/^-Ft -Gteradian. 
The rate of heat radiation from a unit area of radiating surface 
to the entire hemisphere above that surface is given by TTl, and is 
equal to the total emissive power, E, of the unit area. Therefore, 
E ^ T T X  ( 1 1 )  
relating intensity of radiation to the total emissive power. 
Figure 1 shows the relations which hold between intensity of rad­
iation and total emissive power at angle of emission for a small 
area dA^ which radiates according to Lambert's Cosine Law. 
Since intensity of radiation is based on projected area, it remains 
constant at any angle from the normal at the value E^/TT , However, 
since total emissive power is based on the actual area dA|, the emissive 
power at angle 4> from the normal equals E^cos ^ . 
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c o s  c j )  
li. = J, = $ 
Figure 1. Diagram Illustrating Lambert's Cosine Law 
Insulators obey Lambert's Cosine Law fairly well for angles less 
than 70 degrees from the normal. This is shown in Figure 2 (13, p. 126). 
Inner semicircles 
represent 
d if fuse gray 
surfaces 
Outer semicircle 
represents a 
diffuse black 
surface 
to" 
1.0 .8 f o 
Total Emisslvity 
.8 /.O 
Figure 2. Distribution of Total Emissivity for Insulatorsi (a) wet 
ice; (b) wood; (c) glass; (d) copper oxide 
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For electric conductor#, the deviation from Lambert's Cosine Law 
is mere pronounced. See Figure 3 (13, p. 127)* 
.IZ .06 .0^ o 'Of ^ 
Total Emissivity 
Figure 3* Distribution of Total Emissivity for Conductors* (a) pol­
ished nickel; (b) dull nickel; (c) chromium; (d) aluminum 
Suppose heat is being exchanged between two black surfaces, dA^  
and dA2> as shown in Figure 1^ . 
6)" 40" Zû^ o" zo" 40' 60" 
Figure U» Heat Exchange between Two Black Surfaces 
The total emissive power of dAj^  is 
Btu/Ft^ -Hr 
The total emissive power of 6X2 is 
5, = Btu/Ft2-Hr 
(12) 
(13) 
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Intengity of radiation from dA^ is 
Btu/Ft^-Hr-Sterad ian (lii) 
"TT 
The rate of heat emission from dAi is 
tfé 
XfCoS^fCfAf ^—^cos<^,dA, Btu/Hr-6teradian (15) 
The solid angle subtended at the center of dA^ by dAg is 
dAgcos^^gA^' Therefore dAg receives from dA^ 
cg5<^^ dA. clA, Btu/kr (16) 
TT 
Similarly, dA^ receives from dAg 
C05 <i>2Cos ^ tdA^ dA, Btu/kr (17) 
TT 
The net rate of heat exchange from dA^ to dAg is then 
daj^^<r(éf't^) cfA,dAf. (18) 
TTf'" 
For total areas A^ and Ag, 
? / z  =  l é / J  r  [  cos*' Ccs^x dA, dAi, (19) 
The factor J is called A.F,., which is 
Aj IT ir ^ 
equal to AgFg^. The factor P^j Is called the area factor, geometrical 
factor, shape factor, configuration factor, angle factor, and other 
names. The term angle factor will be used throughout the rest of this 
dissertation. Using this notation, the rate of radiant heat transfer 
from Area 1 to Area 2 is 
f,2.= AiFi^tr(é!^~tî) Btu/Hr (20) 
Ai^le factors for various shapes and orientations are given as curves 
or polynomial approximations in the literature (17), In addition, 
graphical methods, photographic methods, and mechanical methods have been 
devised for determining angle factors (7s 18) • 
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If more than two surfaces are to be considered, the angle factors 
can be considered two at a time. If five sides of an enclosure receive 
heat from, flat surface 6 of the enclosure, 
•*' hx Fis - / 
If surface 6 is not flat, it may intercept some of its own radiation 
so in general. 
So far the radiating surfaces have been assumed to be black, and to 
radiate diffusely, and according to Lantbert's Cosine Lav* Actual sur­
faces are colored, radiate in a non-Lambertian way, reflect in a mixed 
diffuse-specular fashion, and are sensitive to the polarisation of the 
radiation and to surface temperatures. To include all these variables 
in a mathematical analysis would make even the sioq>lest shapes very 
difficult to handle. The formulation given in the DIBS paper (5) 
includes grey surfaces with mixed diffuse and specular reflection. 
The most cei^rchensive analysis to date is due to Bebco (2), and 
includes semigray (two sets of emissivities and absorptivities), spec­
ular-^ if fuse surfaces. 
Bobco begins by deriving a factor, which applies to an en­
closure of N gray, diffuse, uniformly irradiated surfaces, and which is 
such that the net flux leaving surface i is given by 
Qi,nii = f}j (-ii*--if )  (23) 
^ IJ is called "Hottel's gray body factor", since it was first 
proposed by Hottel to describe heat exchange uetween gray surfaces (18). 
Bebco then extends the analysis to a system of N surfaces which 
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reflect coa^letely diffusely and surfaces which reflect completely 
specularly. All emiasion, even from the specular surfaces, is assumed 
to be diffuse. Bcubco shows that the net diffuse flux Isaving diffuse 
reflecting surface is given by 
Note that the fluxes combine linearly. 
Tho net diffuse flux leaving a specularly reflecting surface 
is given by 
 ^ "^ sk.) (25) 
Throughout, % -reciprocity, which means 
Adt tjj = Adj ^ éi (26) 
AjI ^ dit SK -ÀsK:P'skj ell 
i9 assuBKd. This reciprocity depends en the assumption tl-at the specular­
ly reflecting surfaces emit diffusely. By use of Eqs. 2h and 2$, Bobco 
analyzes radiant heat exchange in the enclosure shown in Figure g. 
Surfaces 1, L* diffuse 
Surfaces 2, 3* specular 
Figure 5* Enclosure for Diffuse-Specular Heat Exchange 
Figures 6 through 9 shew the ratio of net heat flux to net heat 
flux from a fully diffuse enclosure for various assumed reflectances 
and temperature distributions in the enclosure of Figure 5* 
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Figure 6. Comparison of Heat Flux 
f 0.02 
1^ ° 2^ = tg 
Figure 7* Comparison of Heat Flux 
fg" 0*99, A'A" 0'60 
ti - t|^, tg - tj 
Figure 8. Comparison of Heat Flux 
f 2-0•99» 
tg " tj " 
Figure 9» Comparison of Heat Flux 
fz" 0')?' /I'/i," 0.60 
tj - *3 • 
The important point to note is that the diffuse assumption may 
cause no error, or an error as high as 25/^ in the calculated heat flux, 
depending on the surface considered, ten^erature distribution, and 
lU 
réflectances of the other surfaces. 
Finally, the analysis is extended to seiaigray surfaces, where the 
solar and long wave radiation fluxes are uncoupled by postulating 
different surface properties for the two spectral regines. A set of 
* 
equations for Q<3i^net Qgj are obtained, similar in concept to 
Egs. 2ii and 25. The asterisk on refers to solar heat flux, and it is 
assumed that emission of the surfaces at solar wavelengths is negligible. 
The various heat fluxes from a radiating surface are related 
to surface temperatures by a heat balance 
n«i6 f y ,  m i s e  ~  ^  (27) 
where flux out of element at surface temperature 
wavelengths, q* is the net flux out of element A^ at solar wavelength, 
and <ïx,misc flux out of element A^ due to conduction or 
internal heat sources associated with 
As coR^lex and thorough as this approach is, there are still many 
assumptions Implicit in the procedure, such as semigray surfaces, 
diffuse emission, Lambertian emitters, no polarization or temperature 
effects on surface characteristics, and ^-reciprocity. Much more 
iiqportant, it is assumed that material characteristics, particularly 
reflectances and emissivities of all surfaces, are known. Referring 
back to the quotation from reference (k), it is seen that these char­
acteristics are not Imown sufficiently well today to justify the com­
plexity of the type of calculations shown above. This is well pointed 
up in the following statement by Hoyt C. Hottel (Hottel in McAdaras l8, p.77) 
"Although the analysis of an enclosure which leads to the formulation 
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of e radiant interchange factor,for gray systems could be modified 
to allow for real (nongray) surfaces, the complications, superimposed on 
an already elaborate procedure, would be prohibitive from an engineering 
standpoint. Moreover, the necessary data are not available for most 
surfaces; and in addition ... there is a wide variation in surfaces of 
similar description," 
Because of the difficulty of an analysis which takes into account 
all the significant parameters, several investigators have used thermal 
models to attempt to predict temperatures in a prototype. 
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PREVIOUS THERMAL MODEL STUDIES 
In order to predict th@ behavior of a prototype from measurements 
made on a model, the model must either be subjected to the environment 
of space, or the deviation of the model's environment from true space 
must be accounted for. Since 1962, several representative papers en 
thermal modeling have been published and will be examined. 
Katz (15) presents various methods of simulating the thermal rad° 
iation encountered in space. Thermal tests are run in vacuum chambers 
of about 10'^ torr pressure, with walls cooled to liquid nitrogen 
tesq^erature, lLO%. Katz discusses transient thermal modeling and 
proposes three dimensionless ratios to be held constant: 
; (28) 
Where Q • time, t • temperature, k • thermal conductivity, q • heat 
flux, C " specific heat, L • length, and gr is the Stefan-fioltzmann 
constant. In this list of quantities, q is on a per volume basis, 
and the specific heat cannot have dimensions of mass. These ratios will 
be difficult to separate into design conditions and prediction equations, 
and the use of one characteristic length requires strict geometric 
similarity. As the author points out, if a length scale of 10 is used, 
and temperatures are preserved in model and prototype, then the model 
material conductivity must be l/lO that of the prototype, which is 
difficult to satisfy. This would also require the model flux to be 10 
times that in the prototype. The author proposes to keep the same value 
of k in model and prototype. This requires ir the steady state case 
that tg * 2.15 t . This then requires that —- - l/lOO —. As a 
Cm C 
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compromise, Katz suggests a l/lO linear scale and a l/k time scale. 
This would require Cjg/C • 25, which would be difficult while holding 
k ^ - h .  
In a paper by Jones (lU) the ceefficlents of the first order 
differential equation for combined radiation and conduction are made 
dlmensionless in order te develop the modeling design conditions. The 
basic equation is 
^ - ^ j) + (-t* - + (29) 
^ ^ fij' ^ J 
Cj • heat capacity of the Jth region, Btu/*^ 
Ckj" overall conduction coefficient between regions k and j, 
Btu/ Hr-®R 
tj • tengaerature of the jth region, ®R 
B m time, hours 
%j" overall radiant coefficient for heat transfer from region k to 
region j, Btu/Hr-*^^ 
qj • internal power dissipation in region j, Btu/Hr 
®Aj" projected area of surface j to sun, ft^ 
absorptivity of region j to solar radiation 
S • solar constant, Btu/Ft^-Hr near Earth 
Aj • area of region j which emits or absorbs energy, ft^ 
Sj" infrared emissivity of surface j 
(y - Stefan-Boltgmann constant 
By analyzing this equation, Jones selects a set of six independent 
similarity ratios: 
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fiL] ^ 
\ /m hk. 
^ r 
^jAj J^ tjAj 
^ J ^ A j S 6 \  = " C j ^ s e  
'-J ^J J m ^-'' tf' 
g j  0 - / 4 / ^ / 5 ^  =  E j c r A ;  € /  Û  
/m 
^/gj ^ ^ 
Cj / lY) C 
(30) 
•J 
iyf_l = 
^J y m ^J t/ 
where the terms defined previously are supplemented by F^j, the diffuse 
angle factor, and E^j , a factor depending on the eraissivities of 
surfaces k and j, such that 
^ (31) 
Jones then compares these ratios with similar sets obtained by 
investigators at Jet Propulsion Laboratory and Marshall Spaceflight 
Center and shows that they are essentially equivalent. The author 
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particularly points out the desirability of distorting the geometry to 
avoid making thin walls thinner in the model, and comments m the re­
striction which one characteristic length places on the design of the 
model. Finally, in an example using a cylindrical instrument compart­
ment enclosed by a concentric cylindrical shell, with insulating support 
rings between the shell and the instrument section, Jones achieves 
thermal similitude by a combination of geometric distortion and changing 
the material properties of the nadel within practical limits. Jones 
concludes with the following statement which points up the difficulty 
involved in thermal scale ewdeling (Ik, p. 369): 
"If the basic purpose of the testing were the determination of the 
thermal response of the vehicle by conQ^lete simulation of the external 
environment, then the dilemma would be somewhat similar. With the mat­
erial property changes between model and prototype, it would not be clear 
whether the model tests were checking the computer analysis or whether 
the computer analysis was checking the modeling* This is not meant to 
in^ly that modeling by way of confiete thermal similarity does not make 
sense; rather it is the intent to raise some basic questions. The many 
aspects to the problem of thermal modeling of space vehicles not yet 
examined must be studied thoroughly before a complete answer is attempted; 
otherwise the answers will be premature and possibly incorrect. It 
is appropriate to note the great expense in building large simulation 
facilities. However, it may develop that thermal modeling has the 
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greatest potential In analyzing some particular thermal aspect of a 
design - separately, without complete similarity - and in special 
problems in heat transfer." 
Chao and Wedekind (it) analyze the problem of radiative and con­
ductive heat transfer by examining the governing integrodifferential 
equations, and arrive at the conclusion that complete similitude 
cannot in general be obtained* They propose that either "temperature 
preservation" or "material preservation" be used in the design of the 
model. In tamperatura preservation, temperatures at homologous loc­
ations and times are the sane in the model and prototype while material 
properties are différente Material preservation requires that material 
properties remain the same in model and prototype, while temperatures 
differ* Both of these techniques present practical difficulties, which 
the authors describe. 
Qabron, Johnson, and Vickers (12) describe the first known 
attempt to predict the temperatures within an actual spacecraft by use 
of thermal scale modeling techniques* The prototype was a full size 
Temperature Control Model (TCM) of the Mariner Mars 61; spacecraft, and 
the model was designed with a length scale of 2 to provide temperature 
preservation at thermal equilibrium, as discussed in Chao and Wedekind*s 
article, since the accuracy of predicting by the material preservation 
technique had not, at that time, been investigated. The controlling 
equations for this simulation were 
K - 1 £ ' ' •> 9 '• T' > (32) 
5. 
jr  
o"l I 
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where k is the thermal conductivity, L is a characteristic length, 
C Is j«int conductance, q is the rate of heat flow In energy/time, 
q" is the rate of heat flow in energy/time-area, and q"' is the rate of 
heat flew in energy/time-volume. In addition, the authors state in the 
text that geometric similarity is maintained, temperature preservation 
is used, and that for practical reasons the emitlances and abserptances 
In model and prototype were identical. These conditions, stated ex­
plicitly, are , 
= G , rg = % ; ' (33) 
where tg is a reference temperature, the same for model and prototype, 
and £ is a length. 
Although geometric similarity was desired, the investigators were 
forced to distort wall thickness when thermal conductivities could not 
be scaled due to lack of suitable materials for the model. The prototype 
was an octagonal copy of the actual Mariner Mars 6k, modified to retain 
the thermal properties of the spacecraft, and was quite elaborate. The 
Thermal Scale Model (TSH) was reduced to 0.k3 times the size of the 
prototype, and was geometrically similar in outer dimensions. The model 
contained the essential features of the prototype, including thermal 
control louvers, thermal shields, internal heat sources, joints, and 
the post-injection propulsion system. SAE 1015 steel, k • 0.^19 
watts/cra-^'K, was used in the model chassis to represent ZK 60 A magnesium 
alloy of the prototype, k • 1,21 watts/cra-®K. These conductivities 
dictated the choice of l/n • 0.^3, which the authors called the geometric 
scaling ratio. Some materials in the model did deviate from the cal­
culated conductivities in order to make fabrication possible. A study 
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VAS made of bolted Joints, and the model Joints were prepared so that 
identical temperature differences existed across the SAE 1015 Joints as 
across the prototype magnesium alloy joints when dissipating 25 watts 
in a cold-wall vacuum chamber. 
Three different test conditions, in which different internal power 
levels were conducted through the walls and radiated to the walls of the 
chamber, were used. In Test 1, internal heat generation was 170.97 
watts for the prototype, while that of the model was 31*57 watts. In 
Test 2, the values were kll.37 and 76*02 watts respectively, and in Test 
3# 197*52 and 36.1i9 watts. In each case, • (0.^3) , as required 
by the design conditions. Ne solar simulation was atteapted* 
The temperatures in model and prototype gave good agreement; for 
all three tests, t7% of all measurements corresponded within 5*^ and 
85% within 10°F. This was a complex structure, and the only comments 
I would make are that the length scale was not large, 2.33, and the 
temperatures were moderate. It is possible that with a larger length 
scale, and with solar simulation added, correspondence would not be so 
good. Further, as noted later, it is hard to make two different sur­
faces, unless they arc fairly black, of different materials while 
retaining the same eraissivity, absorptivity, and reflectivity for both 
solar and infrared radiation. 
Folknan, Baldwin, and Wainwright (8) designed and tested a thermal 
model, with a length scale of 8, of a proposed space station, cylindrical 
in shape and of 10 ft. diameter and 26 ft,, 8 in. length. The prototype 
construction is a thin wall (0.05L") aluminum pressure cabin, surrounded 
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b y  layers of high performance insulation of a total thickness of in., 
together with an outer thin wall aluminum meteoroid shield and end skirts. 
The primary purpose of the ejqseriment was to assess the thermal response 
of the interior cabin walls under various conditions of external rad­
iation and a simulated gas convection heat transfer from cabin walls to 
cacin air. A 5 ft. diameter by 6 ft. high space simulation chamber was 
used, with a ItO in. diameter collimated radiation source, a pressure of 
5 X 10"? torr, and liquid nitrogen cooled walls. Earth radiation was 
simulated in one test by an array of incandescent line sources* Tran­
sient and steady state analyses were performed. Basically, model 
measurements were used to verify analytical calculations of the model 
temperature distribution, so that the parameters used in the calculation 
could be applied with confidence to the full size prototype calculations. 
Dimensionless ratios used were 
(re.'^Q C" ecre'tf 04 £ 
àR ' ' re. ^ 
where ^is the Stefan-Boltzmann constant, s the emissivity, t the temp­
erature, L a length, kg the conductivity at the reference temperature, 
AB. the material thickness,0 the time, y Cp the volumetric heat capacity, 
E the heat transfer rate from internal sources, and the heat transfer 
rate from external sources. The length scale of 8 was chosen so the 
model would fit the chamber, t^ was fixed for model and prototype by the 
available solar simulator. Thermal conductivity and thickness of material 
were therefore adjusted to satisfy the design conditions. Austenitic 
stainless steel of 0.012 in. thickness and k • 7 Bta/Hr-rt-*^ served as 
2h 
the model of the O.OSL in. aluminum, k • 100 Btu/Hr-Ft-^R, of the 
prototype. The same quarter-inch thickness of insulation was retained 
in the model. 
Two surface coatings were tested, NASA S-13 white coating with a 
solar absorptivity of 0.2 and emissivity of 0.8, and optical black 
velvet, with oC* and £ both equal to 0,9. Both cool-down tests from a 
steady state and transient tests with the solar simulator were performed. 
The results from the white coated model were published in the paper, 
and good agreement was obtained between measured and computed values, 
at tençjeratures near 0^, although the method of calculating the 
theoretical ten^ratures was not given. The agreement was not quite 
so good at the cold end of the cycle, showing discrepancies over 30*^ 
at 260^, for instance, on the meteoroid shield. 
Rolling (21) proceeds from a general equation similar to Eq, 29, 
by means of dimensionless coefficients, to the following set of equations: 
, ^ 
where J® is density, V* is volume, C* is specific heat, t is absolute 
•it * ten^erature,^ is time, Ag is area of surface interacting with solar 
energy, S* is solar energy flux,:^^* is a radiation interchange factor, 
is area of surface interacting with planet albedo, is planet 
* 
albedo flux, Ag is area of surface interacting with planet emission, 
E* is planetary emission flux, Q* is internal energy dissipation rate, 
k is thermal conductivity of conducting path node, A^ is area of 
conducting path, x is length along conducting path, and Aj is area of 
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radiating path. 
The asterisks indicate that each quantity appearing in the equations 
is a ratio of model to prototype values. For instance, k* » k^k. 
The author says these ratios are the governing similitude criteria for 
prediction of prototype behavior. They must be identically equal for 
all thermal levels of the model test if prototype behavior is to be 
accurately predicted. This statement actually only applies to a true 
model. As will be shown later, prediction factors can be introduced to 
conqaensate for distortion of the model. 
In order to use commonly available material and construction 
techniques, the author allowed a departure from strict compliance with the 
design conditions. The object reported on consisted of two flat disks 
having known radiative properties, connected by four tubular legs. This 
object was tested in full-, half-, and quarter-scale sizes. The full-
scale prototype end plates were of 26 in. diameter, 0.125 in. thick, 
606l aluminum plate, separated by 12 in. The half-scale model was made 
of the same material, O.OhO in. thick, while the quarter-seals model was 
made of 30U stainless steel, 0.078 in. thick. Distortion of conducting 
path cross-sectional areas and distortion of tube diameters was allowed 
in the half- and quarter-scale models. The prototype, for steady state 
tests, was irradiated at 1;0U Btu/Pt^-ffr, while the models were irradiated 
at 672 Btu/Ft^-iîr for the half-scale, and 1+21 Btu/^t^-Hr for the 
quarter-scale models. Liquid nitrogen cooling of the chamber walls was 
Û 
used, and maximum pressure was 2 x 10 torr. Good agreement between 
prototype and models was obtained at all except a few points. Rolling 
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gives ft good discussion of the practical problems of fabricating thermal 
models, 
Adkins (1) Investigated two simple configurations, a system con­
sisting of a plate, hollow sphere, and hollow cylinder which were not 
physically connected, and a dumbbell of two hollow spheres connected by 
a solid copper rod. The temperature distributions and material were the 
same in model and prototype, and external geometry was truly modeled with 
a length scale of 2. All radiating surfaces were coated with carbon 
black. The tests were carried out In a black, liquid nitrogen lined 
vacuum chamber, 5 ft. by 5 ft. by 12 ft. high. The wall thicknesses 
were modeled by a thin wall approximation included in the paper. Temp­
eratures were generated by electrical heaters in the arrays, and temp­
eratures were higher than in most model tests, going over lOOO'^R for the 
heated element in the dumbbell array. Model and prototype temperatures 
were in good agreement. 
Finally, in order to examine the steady state case in more detail 
Fowle, Gabron, and Vickers (9) constructed a prototype and three models 
of a simple configuration of three walls arranged as a triangular prism 
with the top and bottom openings Insulated. The walls contained strip 
heaters and were insulated from each other. Radiation between the inner 
wall surfaces was partially blocked by a cylinder which simulated a mid-
course maneuver rocket motor assembly. Two of the models, with length 
scales of 1.78 and ii.68, were constructed according to the temperature 
preservation technique, using Vickers' earlier work, Eq. 32, for the 
design conditions, supplemented by two new conditions: 
27 
_ÉZL _ j _ / (36) 
B  -  f c L  S  '  '  ^  '  
where S is the rate of heat flow per unit area absorbed from external 
sources. The time, did not enter into this steady state case. 
The third model, with a length scale of 1.78, was constructed accord­
ing to the material preservation technique: 
_ / Z. \ Cm _ L &>r> _ /L 
t  ^ C 0  " I IJ  ^ (2?)  
where the symbols have the same meaning as for Eq. 32. 
The size of each boxlike wall on the prototype was 18,9 in. by 15.ii 
in. by 2.5 in. deep. The assemblies were tested at powers indicated by 
the design conditions, and radiated to the lUO^R walls of a cooled 
vacuum chasdber. There was no solar simulation. 
It was found that both the temperature and material preservation 
models with the length scale of 1.78 were accurate to within about 1% 
O^O) in predicting prototype temperatures. The model with n • b.68 was 
accurate to within about }% (lO'^C) at these temperatures, which range from 
26*C to 110®C. Accuracy decreased at higher temperature levels. The 
following quotation from the article is of interest (9, p. 577): 
"The theoretical basis for the scale modeling of the major thermal 
interactions present in typical spacecraft during flight is well estab­
lished. It is also clear that slavish adherence to thermal modeling 
laws for reduced scale testing is either impossible or impractical 
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because of a limited choice of available materials, fabrication diffi­
culties, or unfavorable economics. The practical use of thermal modeling 
techniques available by theoretical disclosure has yet to be demonstrated." 
In looking over the work done in the field of thermal models, it is 
seen that certain theoretical design conditions nave been established 
for true models only. Sometimes these sets of conditions Mve had an 
excessive numuer of dimensionless ratios and sometimes not enough. 
When distortion has been necessary, the effect of the distortion has 
not been predicted. The length scales used have been modest and the 
environments have not been severe, which accounts for much of the 
accuracy in published predictions. Even in the steady state case there 
is much to be done in order to model with any degree of confidence when 
the prototypes become complex, the length scale becomes large, and the 
temperatures become very high or very low. 
In the remainder of this dissertation, a new method for predicting 
steady state tenqseratures in a prototype by means of measurements made 
on a distorted thermal model will be proposed and investigated. The 
method con±)ines the best features of material preservation and temp­
erature preservation by allowing the geometry of the model to be purpose­
ly distorted. It will be shown that this method can be applied with 
confidence to cases where the length scale is large and the environment 
is severe. The accuracy of the prediction can be controlled to balance 
engineering requirements against computer time, and shapes of varying 
degrees of complexity can be examined. 
2? 
AMALYSIS 
In order to be able to construct thermal models of practical 
configurations, with a large length scale, for operation in environments 
which may be more severe than the near-garth environment, it is necessary 
to use to the greatest possible extent material properties which are 
known, or which can be determined by measurements on the modal itself. 
Due to the state of the art of material characterization mentioned 
previously, an error can arise if a model coating is assumed to have 
the same properties as the prototype coating when it is put on a thinner 
wall, or when it is selected from published tables and is not of the same 
batch as the prototype coating. Lewis and Thostesen (16) in reporting 
on the Mariner Mars Absorptance Experiment note that the rate of 
degradation of an ARF-2 white sample coating in space was about ten times 
as fast as found in laboratory ultraviolet degradation tests, and they 
speculate that the properties of the coating vary widely from batch to 
batch. Branstetter (3) in attempting to apply a nongray analysis to 
radiant heat flow between parallel tungsten plates had difficulty in find­
ing adequate spectral data. He says (3, p. 26k): 
"It is particularly unfortunate that spectral emissivity data on 
metals are so very limited, since high speed computing equipment can 
perform almost the entire task of making nongray heat flux computations. 
Even for tungsten the spectral data had to be gathered from several 
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sources to assure an accuracy of results that would warrant use of the 
nongrsy method." 
In order to use the materials of the prototype to as great an extent 
as possible, a procedure is suggested whereby the appropriate dimension-
less ratios, called Pi terms, are examined for the case of steady state 
heat transfer in an enclosure receiving radiation and emitting to space, 
while conduction occurs along the walls. 
The following functional relation exists between the temperature of 
the ith zone and the applicable secondary quantities: 
where 
-
ti - temperature of the ith zone 
to - a reference temperature i 
cr - Stefan-Boltzmann Constant 
: % 
k - thermal conductivity 
: % 
ll " a length ; U 
l2 • a length : L 
^0 " a reference length i L 
jrij" a complete radiant interchange factor 
from zone i to zone j; nongray, non-
diffuse, non-Lambertian 
i (-) 
-2. 
L'' ef 
The basic dimensions listed above are: 
^ • absolute temperature 
0^ - heat flux, energy/time 
*The syribol • is used to designate dimensional (but not necessarily 
numerical) equivalence, while the conventional symbol • denotes num­
erical equivalence. 
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L • length 
According to the Buckingham Pi Theorem, there are 8 - 3 • 5 
dimensionless ratios, or Pi terms, which describe the heat transfer 
phenomena* One possible set is 
^ • -t 
r 
0 
T/; « (39) (Ti, 6/ 
rr -z Jl. 
s u 
If a true model is desired with a length scale n defined by 
n s (10) 
Com 
the design conditions are 
1. TT s 
zm 
TT 
2. , or 
t < 
n r-ij' 
2. TT = 
sm 7 
, or 
n L,  
'•Im = J , or ^Z/rj -
1 
n  U 
5'J , or ^0 
(11) 
Throughout this dissertation, the subscript m Indicates the model, 
while quantities without the m subscript refer to the prototype. 
If design conditions 1. through U, are satisfied then the prediction 
equation becomes 
J;  = "  -f;  i t  - fS--  i tm (k2)  
/ im 
From those design conditions, the difficulty in making a true thermal 
model is immediately apparent. Suppose lengths were scaled so that 
T = T 
T = I 
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This i s  possible, and gives complete geometric similarity between model 
and prototype. Then however» design condition 2 requires 
(Wi) 
"^em ^ "àô 
If we hold t^^ - t^, then kg must be adjusted to a value of k/n. This 
is often ixqwssible if the prototype conductivity is low and a is large. 
In addition, changing material between model and prototype to gain the 
change in kg is bound to affect the surface properties of the model, 
which means that77^ / TTa' . This may not be noticeable for small length 
Sn S 
scales and moderate tei^ratures, but in other cases it may be a serious 
cause of error. 
Suppose instead that the same material is used and that 
^cm ' ic (l'A 
This satisfies design condition 2, but new model temperatures will differ 
from Jiomologous prototype temperatures: 
V = 7' iim = 
If a length scale of 10 is desired, then a teoQ>erature of 600"r in the 
prototype would correspond to a temperature of 1293in the model. 
With this difference in teaq)eratures, thermal conductivity and surface 
properties would unavoidable vary markedly between model and prototype. 
This situation can be avoided to a large extent by using the theory 
of distorted models (19). Let the design conditions be 
i..7r = ^ 
2' .7r  = Ct ,  TT 
^3 (k?) 
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where the oC >s are called distortion factors* Then the prediction 
equation becomes 
p = k (w) 
where 6 is a prediction factor* S is in general a function of both the 
distortion factors and the Pi terms themselves. In certain cases the 
prediction factors can be found by the use of curves prepared from a series 
of model tests, where the undistorted Pi terms are held constant and the 
distorted Pi terms are varied from test to test. On the other hand, if 
the analytical esqjression for the phenomenon is known, then the prediction 
factors may be obtained analytically. Once the ol's and ^'s are known, 
aecui'ate predictions of prototype temperatures can be made from meas­
ured model tenqieratures* The words "distorted model theory*' do not 
imply that the results of the tests are distorted or inaccurate. For 
numerous exan^les of the use of distorted models in engineering simi­
litude studies, see Murphy (19). 
As an example of the method used to determine prediction factors. 
consi^r the plate shown in Figure 10, 
Sola h- in 
u 
I n - f i ^ a t e d  o u , t  
<rZ. 
J - /  ' '  
ou.'t 
Figure 10* Heat Transfer in a Plate 
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The plate is receiving solar radiation and emitting infrared via 
its upper surface. It conducts to adjoining plates, represented by 
tenqserature nodes tj, t^, t^, t^, and it radiates to all the N other 
surfaces of the enclosure, directly or indirectly, at a rate 
Ai "6 J" ) BtuAir (U9) 
The heat balance equation for is 
where 0(,* is the absorptivity of Aj for solar radiation. iil^O Btu/Hr-Ft^ 
represents the solar constant in the vicinity of the earth. 
Divide both sides of Bq# $0 by a reference heat transfer rate: 
Btu/llr (51) 
Then, 
-®-(jf)ft)"».* » 
or, expressed in Pi terms, 
t f" 7'^   ^ j'j (  ^^  ^
-fJ-T" - J' - J") = 
If the heal^balance equation is written for a distorted model, with 
distortion factors0^2» ®^5,ij' there will be a correspond­
ing equation for the prototype, with prediction factors S y ... : 
Model 
^ . (5u) 
' S  '  Z " - m '  
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Prototype 
rjuuîF/) *r F/) * ^ ^ 
ÏS'(* %' ~  ^^  '^) ° m" 
All the oC's are known except the and the model temperatures 
at each node are measured. By methods to be discussed by means of an 
examplef the model equations are used to determine the ^tj' The set 
of prototype equations is then solved by iteration for the 
At this point, the procedures can best be illustrated by a simple 
example. Suppose that the cubical box shown in Figure 11 is to receive 
solar radiation while it emits to space. The steady state temperatures 
at various points on the box are required. The prototype teiaparaturea 
will be determined by tests on a distorted model, with a length scale of 
10. 
Before distortion factors are decided on, a decision must be made 
as to what length will be the reference length, 1^, and what orientation 
the box will be given with respect to solar radiation. The reason for 
choosing the proper orientation is that with N internal radiating zones 
exchanging radiation, there will be fi(N-l) unknowns, of the type 
' 3pp«aring in N equations. Therefore " ^ -reciprocity", 
which corresponds to the previously described "^-reciprocity" will be 
needed in certain cases, and symmetries within the box will be used vo 
reduce the number of variables. It may also be necessary to supplement 
symmetry by approximating some of the actual J/j by an analytically 
determined factor, which can be checked later by a new orientation of 
the model. The rest of the W factors can be determined by measurements 
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Figure 11, Zoning of Box for Sample Analysis 
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on the model, giving a total interchange factor between radiating zones 
which embodies all types of radiant exchange, whether diffuse or 
specular, gray or colored, polarized, or non-Lambertian. The pj which 
are to be determined in this manner should be chosen, for the particular 
orientation, on the following basis: 
Temperature difference between the zones» Refined values of 
are wasted if the two zones have only a small temperature difference 
giving a small radiant contribution to heat transfer. 
Complexity of the geometry. If the geometry of the two zones is 
too complex for a reliable analytical determination of the angle factor, 
then their total interchange factor may be reserved for solution from 
the heat balance. 
Type and orientation of surfaces. If two zones face each other, 
and approximate diffuse emitters and reflectors, they would be more 
suitable for an analytical treatment than zones which are well off each 
other's normal, and hence in a possible non-Lambert zone for direct 
radiation, and which may have a high specular reflectivity. 
The reference length, 1^, will be taken as the length of one inner 
wall zone, shown as Ig on Figure 11. This will lead to undistorted 
geometric modeling of the inside radiating surfaces of the box, and 
hence to all • 1, which impllesjT<;j • * This choice of Ig 
is made because the radiative interchange factors within the enclosure 
are the most difficult to obtain analytically at the present state of 
the art of material characterization. The prototype and model will 
then be described by the quantities shown in Table 2. 
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Table 2. Quantities Used in Sample Analysis 
Quantity Prototype Model 
ig 15 ft. 1.5 ft. 
Ij 0.5 in. 0.5 in. 
Ig 15 ft. 1.5 ft. 
to liiO'^R lbO°R 
(T 0.1713x10"® Btu/Ft2.Hr=*Rk both 
k 100 Btu/Ft.Hr-*R for both 
q*/A 0.9(Wi0) Btu/Ft^-Hr for both 
0.9 0.9 
£ (outer surfaces) 0.9 0.9 
S (inner surfaces) 0.8 0.8 
Material Prototype and model of aluminum; outer 
coating MMM Optical Black Velvet; inner 
coating NASA S-13 white coating 
1. TT = niT T-m 3. 
2. TT 3 nir 
9m 3 
3. F S TT 
•fw 
The following design conditions apply; 
= to TT 
' (56) 
k- - py 
Note that the model walls may be constructed of exactly the same 
plate, with the same coating, as the prototypes walls. This is important 
in view of the comments of the Mariner Mars group and others regarding 
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radiative properties, and the known variation of thermal conductivity 
with small changes in composition of the metal in the plate. 
In an actual model test, temperatures would be measured at the node 
points in a model after thermal equilibrium was reached. Since no such 
data are available, model temperatures will be computed, using diffu@% 
theory, and will then be used to solve back for 
The following assumptions are made* 
a. Temperature gradient through the walls is negligible. 
b. By symmetry, the following sets of teiqxratures are equal 
(refer to Figure 11) t (t^, t^, t^, tp), (tg, t^, tp tg, tq, tg, tg), 
(tg* tjj, tj, t^, t^, tj., t^, tf) , (tj^, tjj, tg, tj) , (t^, tA, tg, tg, 
tg, tp, tg, tj^) , (tj, tjJJ, tp, t^) , (tj, tjj, tg, tj^) , (t^, tq, tj^, tq,, 
V» Sf* (^cl' ^c3' %5' ««3 {^c2* ^cU' ^c6» ^c8^* 
c. In order to keep the example fairly single, it is also assumed 
that tçj • t^, tgg • t^, tj • tg, and tj - t^. 
This then leaves unique temperature zones at the end plate, tj, 
a ring, t^, a ring of plates, tg, a ring of plates, t^, a ring, ty, 
and the end plate at t^. The walls of the vacuum chamber are at tg. 
The heat balance is carried out en zones 1, 2, 3, U, 6, and 7* 
For this geometry, a convenient formula for the angle factor between 
two rectangles with an edge in common, as in Figure 12, is (5) 
X=-|" ) 0,1 é )( é /C  ^ Fsi. ' 
Z  "  ^  ;  0 , / j *  2 L  /  
A  '  0 , 5 0 1  f  i l . Z S é  2  -
Ô 0, 2 "h 0, Z 
6 fx 
(57) 
where S is the shorter side, L the longer side, and C the side in common. 
Figure 12. Perpendicular Rectangles with a Side in Common 
These formulas are stated to be accurate to within one percent over 
the indicated ranges of X and Z* Using these formulas, and the fact that 
1 " 1 if the N surfaces form an enclosure, all the necessary angle jcl "J 
factors for the model can be cooqsuted. Angle factors for the model. 
Figure 11, were congiuted and are listed in Table 3* 
Table 3* Geometric Angle Factors 
Angle Factor Value Angle Factor Velue 
F^2 .200 Fig .019 
Fi3 .03b Fj^t .022 
Fi^ .038 F^i .031 
L 
C 
.019 03k 
200 019 
03k 022 
kl 
Table 3» (Continued) 
Angle Factor Value Angle Factor Value 
.038 
•'ii. .06k 
Fih .019 f x b  .052 
^iq .03k he .052 
fir .03k Fid .032 
By geometric symmetry and F-reciprocity, all the other angle factors 
are determined. For perpendicular or parallel rectangles, the con­
tribution of the emissivities is given by (12) 
Kj (58) 
For the inner walls, gj • (0.8)^ • 0.61;. For the outer walls, 
£ " 0.9, since the walls of the vacuum chamber are assumed to be black. 
Applying the factor 0.6k to each Fjj and summing appropriate values, it 
is found that the direct interchange factors,, between the four 
internal teng^erature regions; for example between Region 1, which com­
prises Zones (1, n, o, p), and Region 2, which comprises Zones (2, w, i, 
k, s, q, g, e) are as given in Table i*. 
tt^ q» from the outer walls to the chamber cryoliner, is 0.9 for 
all zones. If the box were isothermal, it would attain a temperature 
of ii55^ for a heat balance between the U;0 Btu/Ft^-Hr solar source 
and the IkO^R chamber walls. 
L2 
Table L» Radiative Interchange Factors between Temperature Zones 
From Zone 
with Temperature 
To Zone 
vjith Temperature 
equals 
.37248 
.13952 
.12800 
^2 h .1862k t. .11618 
i .06976 
ti .06976 3 
4 .116L8 
«18621 
^1 .12800 
tg .13952 
^3 .372U8 
In order to solve for the six temperatures of interest, six heat 
balance equations are written: 
Zone 1 
U V J  +  4 4 ^ .  C - i ,  -  =  < '  
foM 2 
Qcj,, (if-ithrii[p, ( i i  - • < ? ; + / «  ( • < / - < / ; -  < ; ; ]  +  
, , (60) 
Zone 3 
143 
Zone U 
'ACi!*Q ""-t) " f '&'»<),) 
Zone 6 
(62) 
- i ,  - t ^ . )  =  0  (63) 
Zone 7 
Zone 5 is the cryoliner. at 11|0 R. 
Eqs. $9 through 6it are arranged for solution as follows: 
^iits +• <^5i is 
^Sit^ -^(^sz-is 
0 0 0  
o o 6,3 
o bji 0 
0 0 0  
o 
o 
o 
o 
^/s-
iz5 
o 
o 
Af) 000 
.0 0 6(3 ^6+ 0 
:\ 
6^6 
^46. 
0 
o / 
+ 
( O ^iz'^2 ^'3^3 
C-i,tf 0 Cistj 
3^làf c^ ii\ 0 
<^4zii ^43^3 
\ o o a 
\ o o o 
c,f zi, c) c) 
o o 
Qf o o 
0 00 
o 
o o 
0 0 /  
0 0 /  
X 
'3 
^3 
4 
lié 
+ (6g) 
kh 
These equations were solved by a relaxation method on the Iowa State 
University IBM 360 computer. Results are: 
ti - kl8.S*k 
tg - 127.7^ 
t^ -1461.0'fe 
t|^ - 528.0®R 
t^ • iLO'k (Cryoliner) 
t^ - i|22.8°R* 
ty » k9S.k°R 
The iteration was carried to the nearest Btu in the heat balance of 
£q. 65* This corresponds with.temperature measurements made in the various 
cold chambers of reporting experimenters. For example Gabron, Johnson^ 
and Vickers (12) report that the accuracy of the thermocouple measure­
ments on the Tenqaerature Control Model of the Mariner Mars 6U spacecraft 
was + 1°F, while the thermistor sensors used on the thermal scale model 
were accurate to + Lewis and Thostesen (16) report that the calib­
ration of the sensors used in the Absorptivity Standard during the 
Mariner Mars flight was accurate to + 0.b*F. 
Now the problem which would face the investigator is, given temp­
eratures tj^ through tj, what are the factors inside the box? It 
is assumed that the outer wall characteristics can be determined to an 
adequate accuracy by standard techniques, such as reflectance and emissivity 
measurements, and cool-down tests in the chamber. 
^Temperatures t^ and tj were temporarily renumbered te and t^ in Eq. 
65, for ease of indexing on the computer. 
L2 
Having the temperatures at Zones 1, 2, }, it, 5 (wall), 6, and 1, 
a set of equations may be set up for balance of internal heat exchange 
within the box» The radiated heat flux from each zone into the interior 
of the box, is given byi 
1 x , i  =  ^  ( j r ,  - T , )  
1^,3=,9 < ffe? - li)+z -ZÛ 
îx,'^ =a4%(l'-74) ^  
All quantities on the right side of £q. 66 are known. Having the 
numerical value of the q^ la set of equations may be set up for the 
TTt j factors: 
5 
'4fLk'(rJ-z,') 'p '  
where theare the unknowns. Using the symmetry previously noted, the 
TTa' can be represented by four unknowns: 
Snr 
i K, 
^'3 = !«*'• = = 2^14- = iKi (68) 
S" J sm'* 
The set of equations then reduces to the form: 
' Z6 0 c\ 
-a. d e o 
f "L -Ô o 
- i j -  - i d  o  - c  y 
C / \  
Ci 
^3 
C 4 /  
(69) 
Th« li X ii matrix of the coefficients is singular, so an auxiliary 
equation must be developed. This can be done in a number of ways, such 
as changing the intensity of irradiation of the solar simulator, so that 
a new set of steady state teng^eratures is developed, by insulating one 
wall of the model, say the wall containing Zone it, from the rest of 
the enclosure and measuring the temperatures in the steady state in the 
vacuum chamber, or by heating one wall electrically to generate a new 
set of temperatures. This could be done during cool-down tests which 
must be run to determine ^[2cto the cold walls of the chamber, assumed 
in this example to be 0.9. Replacing one of the set of Eq. 67 with the 
auxiliary equation, the set can be solved for the K,, hence for the 77"/1 
* J 
In this case, assume that the total internal interchange factor from 
Using this equation instead of the third equation of the set shown 
in Eq. 6?* and solving by elimination on the computer, the values of 
in Table 5 are obtained. 
required 
2 Zone 1 to the rest of the enclosure is 1 x e , or 0.6b. Thus the 
auxiliary equation is 
Z K, -h Z = 0. 6,4 (70) 
hi 
Table 5* Computed and Actual Values of K 
Quantity Computed Actual 
h A9hh3 .18621 
h .ÛS65U .06976 
b ,id$hz .116^8 
% .13805 .12800 
The discrepancy between computed and actual values arises from the 
error assumed in temperature measurement, and it is to be noted that as 
temperatures rise and internal radiation carries a larger percentage of 
the heat, compared with conduction through the walls, the analytical 
determination of those temperatures which determine the values of 
becomes more accurate. The problem does not arise when actual temp­
eratures are measured on a model. 
Finally, the values of K^, and hencewhich are obtained are put 
into the prototype equations, and prototype temperatures determined. 
• ' > f [t e / -  Z ^ ' ) ]  4 *  
3 ^ 
0 
* (71) 
iiô 
£q. 71 MS solved by a relaxation method and the results arg given in 
Table 6. 
Table 6. Températures in Model and Prototype 
Zone Model Prototype with 
Ceoputed JTij 
Prototype with 
Original 
Percent Error 
1 lil8.5 373.5 370.9 0.69 
2 127.7 3li5.3 3L8.6 0.95 
3 U61.0 k06.5 li05..8 0.17 
U 528.0 629.5 629.3 0.03 
6 li22.8 357.6 357.9 0.10 
7 k9^M 52I1.2 523.8 0.07 
These results are plotted in Figure 13. 
The distortion and prediction factors obtained from the model are 
shown in Table 7. 
Table 7* Distortion and Prediction Factors 
Pi tern Value 
IT 
X 
k , 10 
o^ o 
11 M 
IT 10 
0 
Table 7» (Continued) 
U 9  
Pi term Value oC S 
t 
ir h 
4. _ 1 
^0 
7' 
'0 
tî 
0 
0 
0.893 
TTz ^ 0.808 
h 77â __ 0.883 
TU 1-192 
_ te 
TTé 0,dh5 
/ 
"9 
to 
Jr _ 1.057 
Computer times are shown in Table 8. 
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TOO, 
600" 
I 
a 
• Model 300" 
© Prototype, using 
computed 
A Prototype, using 
original tT/ : 200 
100" 
Zone Number 
Figure 13* Tengierature Distribution in Model and Prototype 
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Table 8. Computer Times, incluoing Compilation 
Equation Job Time Number of Iterations 
65 29.8 sec 636 
67 11.5 aec N.A. 
71 (Original K.) 91 
20.2 sec total 
(Computed Kj) 90 
From these times, it can be seen that considerable refinement of 
the grid is possible without generating excessively long computer runs. 
In the actual model tests, £q. 65 need not be solved, since tenq^eratures 
are measured. 
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DISCUSSION ADD COICLUSIOIB 
This dissertation has been confined to the steady state case. The 
finite difference methods used lend themselves to an analysis of the 
transient case as well, Dusihberre (6) has an excellent treatment of 
the transient case *f heat transfer in one-dimensional and multi­
dimensional systems. However» it is felt that the steady state case has 
not been adequately investigated. Many researchers, as mentioned earlier, 
have analyzed heat transfer nedels on the basis of true model theory, where 
the material properties between model and prototype must differ, or 
the teifqperatures must differ markedly, as shown earlier. The present 
incomplete knowledge of the characteristics of a radiating surface 
requires that, as much as possible, the same materials be used in model 
and prototype, and that the temperature change between the two not be 
too great. The difficulty in making a true model increases as the length 
scale increases and as the environment becomes more severe. Of course, 
the present method of analysis also lends itself to changes in material 
properties or reference temperatures by simply changing the distortion 
factors, but as stated, it is preferable to maintain true modeling of 
the complex and usually unknown interchange factors,and distort 
those Pi terras whose effect is more completely known. 
Another reason for examining the steady state case in more detail is 
the fact that maiy space missions, and particularly those which leave the 
near-Earth environment where thermal response is fairly well known, 
maintain the spacecraft in a steady orientation for long periods of 
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time. For example^ Levis and Thostesen (16) point out that the Mariner 
Mars spacecraft is sun-oriented within a + 1 degree angle for almost the 
entire 7^ months from launch until encounter with Mars. The slowly 
changing solar constant makes a series of steady state tests, with 
various irradiations, quite meaningful. 
Although a cubical shape was chosen for the simple example, almost 
any shape can be handled by the finite difference method. Zoning depends 
on the orientation, and hence on the symmetries encountered. Again, 
standard works such as Dusinberre (6) give techniques for complex 
shapes. As in most finite difference methods, a coarse grid is of value 
for the first approximation to the temperature distributions. The 
zoning can then be refined logically by maintaining coarse zoning where 
temperature gradients are small, while refining the zoning for large 
gradients. For instance, in the example of the box, a look at the temp­
eratures shows that the next zoning might break the irradiated end of 
the box into zones as shown in Figure lii, with the original zoning and 
assumptions to the left of the centerline of the box. New in the right 
half of the box there are distinct temperature zones 5, 1, 2, 10, 11, 
27, and 39, and possibly 22, 26, and 38. The terms from the coarse 
zoning can be used to supplement symmetry in that they give some in­
dication of the modification made to the geometric angle factor by the 
radiative surface properties. 
The assumption of no temperature gradient through the wall, which 
was made in the example, can be dispensed with by dividing a thick homo­
geneous wall into two or ,aory sections, or by dividing a composite wall 
Figure lii. Refined Zoning for the Box of Figure 11 
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into sections of different composition.- This does not add materially to 
the difficulty of analysis, because no new radiating surfaces are involved 
and heat conduction in the central zones is described by linear equations. 
Finally, an advantage of the theory of distorted models, working by 
iteration, is that when they are known, changing material properties can 
be accounted for by using a double subscript notation on the distortion 
factors. For example, consider a hypothetical temperature distribution 
in model and prototype as shown in Figure 15. 
1? 
: 
s 
M e d  « ,  
% 5 
A/oo'e 
Figure 15. Possible Temperature Distribution in Model and Prototype 
The first iteration for the prototype temperatures would use 
A'w K T T  c  O C ^ T T  
im 3~ 
or (72) 
Cm "torn ^ 
or assuming k^ - k, t^,^ - "cr, then /r - n J, giving • n. 
Mow however, if the variation of k with temperature is known it is seen 
that kpj / k, and that in Zone 1; for example, 
oC 
Similarly, 
oc 21 
Oé 15 
= \n 
= n km*, n K m c  
1<S 
(73) 
(7ii) 
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These new distortion factors are introduced into the appropriate model 
equations, which are then solved for more accurate values of thzTTlj , 
and the iteration is continued. As the state of the art of material 
characterization improves, the same technique can be applied to the 
TT^j terras, which will also differ somewhat if model and prototype 
temperatures vary markedly at homologous locations. 
Thus, it has been shown that by use of a thermal model whose geom­
etry is purposely distorted, the best features of material preservation 
and temperature preservation are retained, increasing confidence in the 
accuracy of the prediction of prototype temperatures. The refinement 
of the zoning can be varied to provide a more comprehensive and detailed 
prediction of prototype temperatures. Changes in material properties 
with temperature can be accounted for by the proper distortion factors, 
and complex shapes can be modeled. 
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FUTURE WORK 
Further work is needed to extend the steady state techniques used 
in this dissertation to the transient case. Further, a test should be 
run to verify the procedure experimentally# The orientation of the model 
and the location of the sensors must correspond to the analysis to be 
made, so experimental results which have been reported in the literature 
cannot be used. 
The problem of modeling conduction across joints is also worthy of 
more study. This problem is under investigation by Fried and Kelley at 
General Electric (10), by Fry at Bell Telephone Labs (11), by Fenech, 
Henry, and Rohsenow at MIT (20), and others. Joint conductance has not 
been examined from the viewpoint of distorted model theory. 
This theory is particularly well adapted to determining angle 
factors of complex shapes, and total i-^erchsnge fp.ctors where these are 
needed for analytical work. 
The tenqjerature range over which the theory of distorted models 
can be applied has yet to be determined. This depends partly on the 
change of thermal properties of the material with temperature, but in 
moving toward temperatures which will be encountered in fusion processes 
and the like, it appears that all attempts to construct true models will 
fail because of a lack of materials with the proper characteristics, or 
because model temperatures will be unattainable. This leaves distorted 
model theory as the only practical method for anything less than full 
scale testing at extreme ten^eratures. 
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